Magneto-rheological (MR) fluid mount demonstrates excellent performance of vibration isolation in a wide frequency range and potential application in engineering. In this paper, a new mixed mode MR mount is proposed and an analytical model is established and used to predict the performance of MR mount. Meantime, a six degrees of freedom dynamic model of an in-line four-cylinder engine which has three points mounting system is derived by considering the dynamic behaviors of MR mount and its state space form is established. LQR and fuzzy-logic controllers are designed and synthesized to actively control the imposed vibration. The simulation results show that the proposed LQR or fuzzy-logic controllers can isolate the vibration of vehicle engine in a wide frequency range. The amplitudes can be suppressed well by employing this mount system. Its effectiveness will be verified via experiment in the second part of this work. This is an open access article under the CC-BY 4.0 license (https://creativecommons.org/licenses/by/4.0/) Advanced Engineering Forum Vols. 2-3 1079 [ ] s x xy zx xy y yz zx yz z m m m M J J J J J J J J J
Introduction
An engine is one of the most dominant noise and vibration sources in vehicle systems. Therefore, in order to resolve noise and vibration problems generated by vehicle engine, various types of engine mounts have been proposed. The passive rubber engine mounts which has low damping, shows efficient vibration isolation performance in the non-resonant and high frequency excitation. However, it does not have a favorable performance at the resonant frequency excitation [1, 2] . On the other hand, the efficiency of passive hydraulic engine mount in the non-resonant domain is worse than rubber mount. In order to overcome the limited performance of conventional passive mounts, semi-active mounts utilizing magnetorheological (MR) fluids have been developed for the purpose of vibration attenuation of dynamic systems.
In this work, a new type of MR mount, which combines the flow and shear modes, is proposed to reduce the vibration of the engine. This paper establishes six degrees of freedom model of the engine MR mount system, the conventional LQR controller and fuzzy controller is then designed to control unwanted vibration response of the engine. The controllers are experimentally implemented and control performances such as displacement and velocity are evaluated and presented in frequency domain. Figure 1 shows the schematic configuration of the mixed mode MR mount. The MR fluid is filled in the gap between the piston and the outer cylindrical housing. The electromagnetic coil is wired inside of the piston. The housing can be fixed to the supporting structure, and the piston is attached to the top end of the rubber element [3] . This rubber element has a role to support the static mass and isolate the vibration transmission at the non-resonant frequency regions. During the relative motion of the inner piston and outer cylindrical housing, the MR fluid flows through the annular gap. If a certain level of magnetic field is applied through the gap, the MR mount produces an additional damping force due to the yield stress of the MR fluid. Magnetic field analysis is conducted to identify the magnetic flux density distribution of the damping channel, Simulation have been conducted using Ansys software. Material physical parameters use in magnetic field analysis according to tables 1 through 2, the cylindrical coil made of 150 turns wire. The simulation results show below have been generated for 1Amp passing through the coils. The control coefficient of the MR mount (E) is represented as:
Design of the MR mount
In the above equation, r K is the stiffness of rubber, r C is the damping of rubber, 1 F is the viscous damping force, 2 F is the coulomb damping force. Figure 3 shows accompanying with the increase of the current, the control coefficient of the MR mount increase. The MR mount has favorable adjustable in a wide frequency [4] .
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In order to solve the equations of the equation of the motion, some related parameters need to be determined.
In the equation above, s M is the mass matrix, s C is the damping matrix, s K is the stiffness matrix, ( ) F t is the external stimulation matrix, s B is the input matrix of controlling force.
To select the variables [ ] T X p p = , the status equation of mounting system is:
Considering the vibration signals at the centre of mass can't be measured directly, the vibration signal at the mount point is chosen to replace the vibration signal at the centre of mass. That means the vertical moving signal is regarded as the feedback signal of system. The output equation is：
Design of the optimal controller and fuzzy controller. The control magnetic field applied to the MR engine mount is determined by adopting the semi-active optimal controller [5] [6] . The desired damping force is set by equation (5).
where i u is the control force, i z is the vertical velocity, the above condition physically implies that the control i u only assures the increment of energy dissipation of the stable system [5, 6] . The weighted coefficients of optimal control are determined when the velocity of crank shaft is 650r/min. The velocity range of crank shaft is 0-3000r/min. When designing fuzzy controller, the vertical velocity v and the acceleration a at mount point are selected as input of fuzzy controller, the output is the controllable damping force u of MR mount. According to experience and theory, the fuzzy control rule is established. When the velocity and acceleration of MR mount point has the maximum negative value, the damping force value must reach maximum positive value. Simulation experiment. Adopting Matlab simulation software, the simulation model of passive hydraulic mounting system and MR hydraulic mounting system is established. In the simulation period, the vibration signals of vertical displacement and velocity at a certain MR mount point is measured and presented in Figure 5 and 6 when the velocity range of crank shaft is 650r/min and 1500 r/min respectively. From the power spectrum of a certain MR mount point under different crank shaft rotating velocity, it can be clearly observed that the vibration velocity amplitude of passive hydraulic mount is respectively 0.038m/s and 0.023m/s; the optimal control MR mount respectively 0.028m/s and 0.02m/s; the fuzzy control MR mount respectively 0.024m/s and 0.018m/s. Compared the above results, the design of optimal control and fuzzy control rule is rational and effective.
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Conclusion
A mixed mode MR mount is designed to mitigate vibration and its vibration control performances are evaluated by considering the six degrees-of-freedom dynamic model. It has been demonstrated through the implementation of the semi-active optimal controller and fuzzy controller that the displacement and velocity at a certain MR mount can be both suppressed obviously.
